Sister-chromatid cohesion, thought to be primarily mediated by the cohesin complex, is essential for chromosome segregation. The forces holding the two sisters resist the tendency of microtubules to prematurely pull sister DNAs apart and thereby prevent random segregation of the genome during mitosis, and consequent aneuploidy. By counteracting the spindle pulling forces, cohesion between the two sisters generates the tension necessary to stabilize microtubule-kinetochore attachments. Upon entry into anaphase, however, the linkages that hold the two sister DNAs must be rapidly destroyed to allow physical separation of chromatids. Anaphase cells must therefore possess mechanisms that ensure faithful segregation of single chromatids that are now attached stably to the spindle in a manner no longer dependent on tension. In the present review, we discuss the nature of the cohesive forces that hold sister chromatids together, the mechanisms that trigger their physical separation, and the anaphase-specific changes that ensure proper segregation of single chromatids during the later stages of mitosis.
The cohesive forces holding sister chromatids together
The first challenge for chromosome segregation during anaphase is to release the cohesive forces that physically link the two sisters and counteract the opposite pulling forces of the spindle during prometaphase and metaphase. What mechanisms hold sister DNAs together? A key breakthrough towards the identification of the 'molecular glue' that provides such counter-force was the discovery that maintenance of sister chromatid cohesion from S-phase until anaphase onset depends on a set of proteins that form a multiprotein complex called cohesin [1, 2] . Cohesin complexes are composed of a pair of rod-shaped proteins Smc1 (structural maintenance of chromosomes protein 1) and Smc3 that form V-shaped heterodimmers with ABC (ATP-binding cassatte)-like nucleotide-binding domains (at the end of each arm) interconnected by a kleisin subunit called Scc1/Rad21 (reviewed in [3] ). Elucidation of the approximate structure of cohesin revealed that it forms a large tripartite ring-like complex [4, 5] , which led to the suggestion that sister DNAs are connected due to their entrapment inside cohesin rings (Figure 1 ). In agreement with this model, recent studies have demonstrated that covalent circularization of cohesin rings entraps circular sister DNAs in an SDS-resistant dimmer, demonstrating the topology of this interaction [6] .
Chromosome separation at the metaphase-to-anaphase transition depends on the cleavage of cohesin's Scc1 kleisin subunit by a thiol protease, separase [7, 8] . Separase is activated by APC/C (anaphase-promoting complex/cyclosome), a huge multi-subunit ubiquitin protein ligase that orchestrates the proteolysis of several proteins at the onset of anaphase [9, 10] and is regulated by a pair of activator proteins, Ccd20 and Cdh1. At the metaphase-to-anaphase transition, APC/C Cdc20 (Cdc20, cell division cycle 20) mediates destruction of the separase inhibitor securin and thereby allows separase cleavage of Scc1/Rad21. According to the ring model, sister-chromatid disjunction at the In metaphase chromosomes, cohesin rings topologically embrace sister chromatids and account for the force responsible to counteract the opposite pulling forces of the spindle. At the metaphase-to-anaphase transition, the APC/C becomes activated and targets the inhibitor of separase (securin) for degradation. Sister-chromatid separation is triggered by separase-mediated cleavage of cohesin's subunit Rad21/Scc1. metaphase-to-anaphase transition is triggered by kleisin cleavage, which opens the cohesin ring and liberates sister DNAs from a proteinaceous cage, allowing sisters to be pulled apart ( Figure 1 ).
Despite its elegance of simplicity, the cohesin-ring model is not universally accepted [11] [12] [13] . It has been argued that other linkages co-operate with cohesin to mediate sister-chromatid cohesion [12, 13] , particularly in animal cells, where most cohesin complexes are released from chromosome arms early in mitosis and only limited amounts persist at the centromeres up to anaphase onset [14] [15] [16] . Cohesin complexes are conserved from yeast to humans, and in all model organisms studied so far loss of cohesin causes precocious separation of sister chromatids [15] [16] [17] [18] [19] [20] . Nevertheless, many of the reported cohesion defects are not fully penetrant. Some studies reported that absence of cohesin resulted in increased distance between paired sisters rather than complete separation [16, 18, 21] . Moreover, in a few studies, some degree of chromosome alignment at the metaphase plate was still observed after cohesin depletion [20] [21] [22] . Although these results could be attributed to technical limitations and incomplete protein depletion/deletion, it is certainly conceivable that these results reflect the existence of other cohesin-independent mechanisms that co-operate to sustain sister-chromatid cohesion. Alternative linkages have therefore been proposed to contribute to sister-chromatid cohesion. Yeast cells depleted of Orc2, a subunit of the origin of recognition complex, have impaired sister-chromatid cohesion [23] . Condensin complexes have also been described to be required for sister-chromatid cohesion, independently of cohesin, at loci other than centromeres and telomeres [24] .
The frontrunner among alternatives to cohesin rings is the notion that sister DNAs are held together by virtue of intertwining or catenation arising during DNA replication. Topoisomerase II, the enzyme that resolves such intertwines, is indeed essential for nuclear division [25] . It has been suggested that intertwining that has resisted decatenation by topoisomerase II is suddenly removed at the metaphase-toanaphase transition by a sudden burst of enzyme activity [26] . One of the major weaknesses of the catenation hypothesis is the absence of a molecular mechanism capable of regulating topoisomerase II in an appropriate manner, in particular a mechanism dependent on the activation of the APC/C. SUMOylation of topoisomerase II has been reported to be required for its centromeric localization [27] , which has been hypothesized to restrict centromeric decatenation to mitosis. However, unlike cohesin cleavage, which is ultimately mediated by the APC/C, it is not yet clear how (or if) topoisomerase II activity is regulated in such a way that could account for timely resolution of DNA catenations specifically upon anaphase entry.
In cells with compromised topoisomerase II activity, unresolved catemers are indeed able to confer cohesion even in the absence of cohesin complexes [20, 21, 25, 28] . However, the key question is not whether catenation can provide cohesion in mutant or drug-treated cells, but whether it actually does so in wild-type cells. In early anaphase, ultrafine DNA threads have been observed [coated by a PICH (Plk1-interacting checkpoint 'helicase')], which strongly suggests that some DNA linkages are only resolved upon entry into anaphase [29] . Whether these remaining links can provide any cohesive force during metaphase, independently of cohesin, is a debatable issue.
Breaking the linkages between sister chromatids
If cohesin alone were responsible for resisting microtubule forces, then artificial cleavage of its kleisin subunit should trigger sister-chromatid disjunction. If, on the other hand, cohesin were just one of several mechanisms holding sisters together, chromatids should remain connected upon cleavage of cohesin rings. This key experiment has been performed in yeast where in cells arrested in metaphase, kleisin cleavage by TEV (tobacco etch virus) protease initiates disjunction of most sister DNAs, but not those of repetitive ribosomal DNAs within the nucleolus [8] . Using a similar approach in Drosophila embryos, we have recently demonstrated that cleavage of cohesin in metaphase-arrested embryos is also sufficient to induce sister-chromatid separation [30] . Interestingly, inhibition of topoisomerase II after metaphase results in a slight decrease in segregation speeds induced by TEV-protease cleavage. This strongly suggests that at least some DNA intertwines are present in metaphase chromosomes. In agreement, studies in Xenopus oocyte extracts revealed that in the absence of cohesin, sister chromatids remained paired on monopolar spindles (in the absence of opposite pulling forces), but sister chromatid disjunction was observed upon attachment to a bipolar spindle [31] . These persistent cohesin-independent linkages are therefore not sufficient to confer cohesion in the presence of spindle forces and are possibly resolved during anaphase once cohesin is removed. In fact, recent studies have provided evidence that decatenation of centromeric chromatin depends on cohesin removal [32] . Taken together, these results demonstrate unequivocally that cleavage of cohesin in metaphase chromosomes triggers physical separation of sister chromatids.
Challenges upon breaking ties
Upon entry into anaphase, cells must ensure that sister chromatids move towards opposite poles and remains there until chromosomes decondense and the nuclear envelope reforms, producing two genetically identical daughter nuclei. Might cohesin cleavage be sufficient to promote proper segregation of sister chromatids? Studies in Drosophila embryos have shown that in cells expressing stable cyclin B, separation of chromosomes takes place, but segregation is aborted when single chromatids start to oscillate between the poles [33] . Using a different experimental approach, we have recently observed similar oscillatory movements. If sisterchromatid cohesion is artificially destroyed in metaphasearrested cells, single sisters initially move towards the poles (three times slower than in normal anaphase), but show highly abnormal trajectories soon after their initial disjunction, with rapid changes of direction between the poles [30] . Therefore although cohesin cleavage alone can trigger physical separation of chromatids, this process is insufficient for successful chromosome segregation.
Many anaphase-specific changes in the mitotic spindle including spindle elongation, as well as stabilization of microtubule dynamics and increased pole-to-pole distance, have been proposed to contribute to efficient anaphase movement. Chromosome segregation also depends on stable attachments to the spindle. Here cells encounter a problem. During metaphase, a 'wait anaphase' signal orchestrated by the SAC (spindle assembly checkpoint) emanates from chromosomes that remain unattached and/or are not under tension [34] . This generates complexes containing Cdc20 that inhibit the APC/C and thereby prevent anaphase onset. Moreover, while in metaphase, the Aurora B kinase destabilizes erroneous attachments. Current models propose that the accessibility of Aurora B to its substrates depends on the lack of tension on chromosomes [35] . Upon anaphase entry, however, loss of sister-chromatid cohesion destroys the tension within kinetochores thought to be required to protect them from Aurora B activity and shut off the SAC. It is therefore critical that centromeres/kinetochores also enter an 'anaphase mode'. If cohesin cleavage is uncoupled from cell-cycle progression, using stable cyclin B [33] or artificial cleavage of cohesin in metaphase-arrested cells [30] , kinetochore-microtubule attachments become unstable (Figure 2) . Both studies have shown that in such conditions, Aurora B remains at the centromere and SAC components are re-recruited to the kinetochores [30, 33] . Whether SAC re-activation occurs in response to loss of tension (as occurs when cohesion between sister chromatids is lost) or, uniquely, once chromatids lose the attachment due to error-correction mechanisms remains to be elucidated. However, accumulation of BubR1 occurs within a minute after chromatid separation, well before any obvious sign of detachment [30] .
Taken together, these results have illustrated that loss of sister-chromatid cohesion must be tightly coupled to cycle progression to impose changes in spindle dynamics and kinetochore state in order to prevent an abortive anaphase.
Removal of CDK (cyclin-dependent kinase)-dependent phosphorylation is sufficient for the anaphase switch
What then switches kinetochores into an anaphase mode? The first suspicion falls on cyclin B, whose APC/C-dependent destruction abolishes CDK activity and is required for mitotic exit. Experiments by Potapova et al. [36] have shown that inhibition of CDK1 is sufficient to trigger late events of mitosis in mammalian cells. In these experiments, mitotic exit occurred in the absence of chromosome segregation and therefore the role of removal of CDK phosphorylations in progression through anaphase could not be addressed. Our recent studies in Drosophila embryos have revealed that normal anaphase movements can be achieved if CDK inhibition is combined with artificial cleavage of cohesin [30] . These results suggest that dephosphorylation of certain CDK sites is required for the anaphase mode, which could be catalysed by a phosphatase that is either constitutively active or inhibited by CDK-mediated phosphorylations. However, some other experiments suggest that mitotic exit in mammalian cells requires an APC/C-dependent phosphatase activation [37] , which strongly resembles the situation in budding yeast, where the activation of the mitotic-exit phosphatase Cdc14 depends on APC/C-mediated securin degradation [38] . Cdc14, in turn, is required for many aspects of the anaphase mode [38, 39] .
What about other APC/C-mediated protein-degradation events? Most key mitotic kinases, such as Aurora A, Aurora B, Plk (Polo-like kinase) and Nek2A (never in mitosis A-related kinase 2A), have been shown to be degraded by the proteasome during late stages of mitosis [9] . Several other proteins required for spindle stabilization and cytokinesis, such as Anillin, Fin1 and PRC1 (protein regulating cytokinesis 1), are also APC/C substrates [9] . Proteolysis of the Mps1 kinase has been implicated in SAC silencing during anaphase [40] . Are then securin and cyclin B the only essential targets of the APC/C? Genetic experiments in yeast have first hinted that this might be the case. Depletion of both securin (Pds1) and B-type cyclins (Clb5), combined with stronger Cdk inhibition (Sic1 overexpression), can rescue the complete absence of APC subunits [41] . In these experiments, however, the kinetics and fidelity of anaphase movements have never been addressed. Our recent studies clearly show that normal chromosome segregation and mitotic exit can be reproduced simply by combined cohesin cleavage and CDK inhibition [30] . This alone triggered many aspects of anaphase such as normal segregation kinetics, proper relocation of Aurora B kinase to the midzone and switch-off of the SAC. This strongly argues that apart from sister-chromatid separation, CDK alone can negatively regulate various aspects of switching into the anaphase mode. In other words, the highly dynamic behaviour of metaphase spindles, the responsiveness of the SAC and the error-correction mechanisms can all be switched off upon inhibition of CDK even in the absence of APC/C-mediated protein degradation. These results do not exclude that protein degradation of other APC/C targets play a (non essential) role in the process. It is likely that multiple mechanisms exist to ensure a sharp transition through anaphase. However, these results certainly highlight the importance of CDK inhibition in driving cells through anaphase.
The molecular details of how CDK negatively regulates the anaphase mode are not fully understood. Studies in yeast have shown that stabilization of spindle dynamics requires Cdc14 removal of Cdk-dependent phosphorylation on Ask1 (associated with spindles and kinetochores protein 1), a kinetochore protein required for normal anaphase chromosome movements and spindle function [39] . Activity of Fin1, a protein required to stabilize anaphase spindles, is also restricted to anaphase through Cdk phosphorylation [42] . Localization of Ase1 (anaphase spindle elongation protein 1) to the spindle midzone, essential for cytokinesis, is also negatively regulated by Cdk [43] . Relocation from the centromeres to the spindle midzone of Aurora B, which in addition to its role in destabilizing kinetochoremicrotubule attachments is also essential for cytokinesis, has also been shown to depend on removal of Cdkdependent phosphorylation of its partner, INCENP (inner centromere protein) [44, 45] . This translocation not only targets Aurora B kinase to the midzone, but presumably also prevents error-correction events during anaphase. Given that Aurora B may function in SAC signalling [46] , it is also possible that regulation of SAC responsiveness depends on its centromeric localization, which is lost upon anaphase onset. Indeed, recent studies in which Aurora B was forced to remain at the centromeres during anaphase revealed that this leads to re-recruitment of some, but not all, of the SAC components [47] . Importantly, this alone did not cause any apparent kinetochore-microtubule detachment and it was not sufficient to activate the SAC, as cells degraded cyclin B with normal kinetics. In these experiments, cells entered anaphase with low Cdk activity, in contrast to studies in Drosophila embryos where chromosome disjunction occurs in the presence of high levels of active CDK [30, 33] . It therefore appears that both error correction and SAC signalling depend on other CDK-mediated phosphorylations in addition to Aurora B localization at centromeres. In agreement with this, CDK-dependent Cdc20 phosphorylation has been shown to be required for Mad2 binding [48] and protein phosphatase 1 has recently been proposed to mediate SAC silencing during anaphase [49, 50] . Removal of Cdk-phosphorylations, therefore, drives the anaphase mode by regulating changes in spindle morphology as well as modulating kinetochore behaviour to ensure that anaphase takes place with stable kinetochore-microtubule attachments and without SAC reactivation.
Co-ordination
If cohesin cleavage and dephosphorylation of CDK sites are the key anaphase drivers, then the cell must ensure that loss of sister-chromatid cohesion (and thereby loss of tension) is tightly co-ordinated with the changes in protein phosphorylation state. If cohesin cleavage is triggered prior to CDK inhibition, cells run the danger of triggering destabilization of kinetochore-microtubule attachments and reactivation of the SAC. On the other hand, if CDK is inhibited prematurely, cells could exit mitosis without completing sister-chromatid disjunction. How do cells ensure synchrony of cohesin cleavage and CDK inhibition? The fact that both events are ultimately triggered by the same complex (APC/C) suggests that the APC/C alone can ensure that both securin and cyclin B are degraded in parallel. It is nevertheless possible that special cross-talks between these two pathways ensure a tight coupling of these processes. In yeast, release of the phosphatase responsible for reverting Cdk phosphorylations (Cdc14) is triggered by separase [38] . In mammalian cells separase is negatively regulated by CDK [51] , which prevents sister-chromatid separation under high CDK activity. It appears that cells have evolved other mechanisms, in addition to APC/C-mediated protein degradation, to allow coupling of the two key anaphasetrigger events. Whether such cross-talks are essential to ensure faithful anaphase remains to be elucidated.
Conclusions
In summary, in metazoans, as well as in yeast, cohesin cleavage alone can trigger sister-chromatid disjunction. This process is, nevertheless, insufficient for a successful anaphase. Cells must enter an 'anaphase mode' that ensures fast segregation movements and prevents destabilization of kinetochoremicrotubule attachments and SAC reactivation during anaphase. This anaphase mode can be triggered artificially by inactivation of CDK, which is likely to reflect a true role of CDK phosphorylations in regulating anaphase-specific changes in spindle dynamics and kinetochore behaviour. Although a few molecular details on how Cdk regulates such processes have started to be elucidated, future work will certainly provide further insights into how Cdk positively regulates the dynamics of metaphase spindles, the errorcorrection mechanisms as well as the responsiveness of the SAC.
